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formation systems (GIS) software in processing satellite 
imagery and digital elevation models (DEM) from Light 
Detection and Ranging (LiDAR) and Interferometric 
Synthetic Aperture Radar (IfSAR) data. However, previ-
ous studies have recognized that these automated meth-
ods are highly localized and variable between different 
environments (Doctor and Young, 2013; Green, 2015). 
Most authors concentrate on small-scale study areas 
(i.e., less than 100 km2) and use high-resolution images 
and DEMs to monitor and detect sinkholes (Miao et al., 
2013; Intrieri et al., 2015). Consequently, these areas 
typically have little to no variation in terms of lithology, 
allowing the analysis of sinkholes belonging only under 
a single formation. Studies on sinkhole genesis and de-
velopment, much like karstification studies in general, 
commonly look at geological, geomorphological, and 
hydrological factors and their relative influence on the 
occurrence and distribution of sinkholes in a specific 
area (Delle Rose, et al., 2004; Del Prete et al., 2010; 
Farrant and Cooper, 2008). Geostatistical methods have 
been employed to enable qualitative correlation of these 
factors with sinkhole occurrence and clustering (Ciotoli 
et al., 2016; Cahalan and Milewski; 2018). 
Since this is the case, studies on sinkhole genesis have 
been dependent on local factors and are difficult to gen-
eralize (Doctor and Young, 2013). For the Philippines, 
studies on sinkholes are limited and most data are only 
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In 2017, at least 770 sinkholes were reported to occur 
in Cebu City, a populated town in the Philippines domi-
nantly underlain by karstic formations. In this study, 
the genesis and development of these sinkholes were 
related to various geomorphologic, geologic, and hy-
drologic factors in order to determine their influence on 
sinkhole distribution in the area using GIS-based spa-
tial analyses. Results show that the sinkhole frequency 
varies with respect to the relative age of the underlying 
karstic formation, slope, and elevation. Most sinkholes 
occur on younger bedrock, low slope, and low elevation 
areas. However, sinkholes that occur on younger bed-
rock are significantly smaller in area than those in older 
bedrock; in terms of total area, the sum of the areas of 
sinkholes are greater on relatively older bedrock. Other 
factors found to influence sinkhole occurrence were lin-
eaments and streams. GIS-based analyses of sinkholes 
such as those presented in this study are useful for sink-
hole susceptibility prediction and disaster risk reduction 
management efforts of communities. 
Introduction
In recent years, sinkhole studies have transitioned from 
manual field techniques into computerized, automated 
methods (Antonic´ et al., 2001; Doctor and Young, 2013; 
Miao et al., 2013). Most methods utilize geographic in-
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found on news articles and mandated agency reports. 
Thus, sinkhole studies specific for the Philippines are 
usually incoherent due to lack of local study sources. 
This study aims to explore the relationship between sink-
hole morphometry and the different rock formations on 
which they occur. Morphological measurements were 
correlated with various geological and geomorphologi-
cal factors (e.g., lithology, slope, proximity to faults, 
etc.) in order to evaluate the likely occurrence of sink-
holes in the area. Results of this study will contribute 
to local efforts on land use planning and risk reduction 
efforts. Findings from this study will also aid in under-
standing sinkhole formation and development in tropical 
countries like the Philippines.
Study Area
Cebu Island is dominantly underlain by sedimentary for-
mations (Figure 1), most of which are limestone-bearing 
(Aurelio and Peña, 2010; Porth et al., 1989). Limestone 
is a highly soluble carbonate rock, and the dissolution 
of limestone bedrock results in the formation of karst. 
Karst terrain is characterized by distinct surface and sub-
surface features, including sinkholes, caves, and subter-
ranean streams (Monroe, 1970).
At least 770 sinkholes were reported to occur in Cebu 
City according to a report by the Mines and Geosciences 
Bureau Region 7 (Leyson, 2017; Mejia and Bunachita, 
2017). These sinkholes occur in four formational units 
that generally comprise Cebu City’s geology: Cebu For-
mation, Malubog Formation, Carcar Formation, and 
Quaternary Alluvium (BMG, 1983). Hence, sinkhole oc-
currence poses a major threat to Cebu City’s residents.
Cebu Formation is the oldest limestone-bearing forma-
tion in Cebu City with an age of Late Oligocene (Corby 
et al., 1951). It is composed of two members: a lower 
coal measure (previously Cebu Coal Measures) and an 
upper orbitoid-rich Ilag Limestone (Aurelio and Peña, 
2010). Conformably overlying the Cebu Formation is the 
Malubog Formation, dated Late Oligocene to Early Mio-
cene based on fossil studies by Porth and others (1989) 
and Foronda (1994). It is characterized by interbedded 
clastic rocks and limestone with occasional coal string-
ers (Aurelio and Peña, 2010). The youngest formation 
of the entire Cebu Island is Carcar Formation, with an 
age of Late Pliocene to Pleistocene (Müller et al., 1989; 
Porth et al., 1989). Carcar Formation fringes the entire 
island and is characterized by coralline, porous, dolo-
mitic limestone (Aurelio and Peña, 2010). These three 
formations are overlain by recent sediments (Quaternary 
Alluvium).
Methodology
A GIS database of sinkholes was built stemming from 
the ground-validated sinkholes reported by the Mines 
and Geosciences Bureau (Figure 2).  Sinkholes were 
treated in this study both as points (centroids, used for 
frequency and proximity analyses) and as polygons (for 
morphometric analyses). These were then spatially ana-
lyzed based on the following geological and geomorpho-
Figure 1.  General lithology of Cebu Island 
(modified from Porth et al., 1989; inset: red box 
showing the location of Cebu Island). Cebu Is-
land is predominantly underlain by sedimenta-
ry formations. The map also shows the location 
of Cebu City (Fig. 2), which is mostly underlain 
by Pleistocene to Recent sediments. 
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logical factors: formational unit, lineaments, streams, el-
evation, and slope (Green, 2015).
Five-meter resolution IFSAR was used to automatically 
delineate the streams in the area using hydrology tools. 
Terrain analysis was used to analyze the topography of 
the area from the IFSAR DEM to obtain slope gradient 
and elevation maps. Geologic maps from the Mines and 
Geosciences Bureau (BMG, 1983) were digitized to pro-
vide information on the lithology of the area as well as 
the extent of the different karstic formations. Lineaments 
were obtained from previous works on the Central Cebu 
Fault System (Mendoza et al., 2019).
Sinkhole Polygons
Sinkhole polygons were measured for the following geo-
metric properties following the methods of Doctor and 
Young (2013) and Miao and others (2013): area, com-
pactness, eccentricity, index of circularity, and orienta-
tion (Table 1), generated automatically based on Field 
Calculator and Minimum Bounding Geometry. These 
values were then compared based on the following lay-
ers: formational units, slope, and elevation. The total 
area of sinkholes, percent sinkholes, and sinkhole den-
sity (White, 1988) per formation were also plotted.
Sinkhole Centroids
The centroid of each sinkhole polygon was obtained and 
used for point data analyses such as frequency and prox-
imity. Each sinkhole was treated as a centroid under the 
assumption that sinkhole development progresses from 
a point source due to focused dissolution (Ford and Wil-
liams, 2007). Attributes of the centroids included fields 
from the original sinkhole polygons, as well as the el-
evation and slope gradient obtained using Extract tool. 
The proximity of each centroid with respect to both 
streams and lineaments were also investigated using 
the Near tool and the measured distances were added as 
new, separate attributes. Sinkhole frequency was plotted 
against the following factors: formational unit, orienta-
tion (Chen et al., 2018), elevation, slope gradient, and 
distances from the nearest stream and lineament (Faivre 
and Pahernik, 2007).
Figure 2.  Hillshade map of Cebu City. Sink-
holes were treated both as polygons and 
points (centroids) in this study.
Table 1.  Sinkhole features calculated for the 
morphometric analyses in this study (White, 
1988; Doctor & Young, 2013; Miao et al., 2013).
Feature Formula/Definition
Area , where  is the number of pixels 
within the boundary
Compactness  
Eccentricity , where  is the semi major axis, and 
is the semi minor axis
Circularity 
index 
, where  is the observed perimeter, 
and  is the expected perimeter ()
Sinkhole  
density
Percent  
sinkhole
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Results
Sinkhole geometry
The area of sinkholes in Cebu City vary greatly, rang-
ing from 80 m2 to 2.5 km2. The largest total area sink-
holes in the area occur in the Malubog Formation (2.5 
km2), while the smallest sinkholes in the area occur in 
the Quaternary Alluvium (80 m2) (Figure 3A). In terms 
of minimum and maximum values, there is a seemingly 
increasing trend in area from the youngest to the oldest 
formational units.
Three measures of circularity were used in this study: 
eccentricity, compactness, and circularity index. These 
indices all refer to how close the shape of the sinkholes 
is to that of a perfect circle. However, each index uses 
different parameters (Table 1) and are normalized dif-
ferently. In terms of eccentricity (Figure 3B), most sink-
holes in Cebu City deviate from the eccentricity value 
of a perfect circle, which is zero. There seems to be an 
increase in eccentricity within the older formations, with 
the maximum eccentricity belonging to sinkholes from 
the Malubog Formation and Cebu Formation (0.968 and 
0.967, respectively). The deviation of the sinkholes from 
the dimensions of a perfect circle is reiterated by the 
compactness, where increasing values (approaching 1) 
means more circularity. The plot of compactness (Figure 
3C) values for the sinkhole show a decreasing trend to-
wards increasing relative age, with the lowest compact-
ness value (0.098) belonging to a sinkhole in the Cebu 
Formation. This is again supported by the values for 
circularity index (Figure 3D), wherein the highest value 
(5.66) belongs to a sinkhole in the Cebu Formation, the 
oldest among the four.
Streams and lineaments
Multiple streams and selected lineaments can be found 
within the vicinity of Cebu City (Figure 4A). Most of 
the sinkholes occur within less than 200 m from a stream 
(Figure 4B). After 100 m, the frequency of sinkholes de-
clines with increasing distance from any nearby stream. 
The influence of lineaments was also explored by plot-
ting frequency versus distance from the nearest linea-
ment (Figure 4C) and getting the general direction of 
elongation (orientation) of the sinkholes (Figure 4D). 
The distribution of sinkholes with increasing nearest lin-
eament distance does not seem to have any correlation, 
with the histogram showing four peaks in the following 
distances: 500 m, 1500 m, 3000 m, and 4000 m. It can be 
noted, however, that most sinkholes occur less than 500 
m away from the nearest lineament. Since there seems to 
be no correlation with frequency and distance from lin-
eaments, the orientation was then looked at. Most sink-
holes trend west and northeast, following the trend of 
most streams and lineaments, respectively.
Slope and elevation
Sinkhole frequency was also geographically compared 
with the changes in the degree of slope (Figure 5A) and 
elevation (Figure 5B) of the terrain. Most sinkholes oc-
cur in slopes less than 5° (Figure 5C). A decrease in sink-
hole frequency can also be seen with increasing slope 
steepness. In contrast, no general trend can be estab-
lished when elevation is compared with frequency (Fig-
ure 5D). It is worth noting, however, that most of the 
sinkholes in the area are found at elevations of 50 masl 
or less. These pertain to the multiple sinkhole centroids 
that are found near the coast.
Figure 3.  Plots of area (A), eccentricity (B), 
compactness (C), and circularity index (D) 
versus the different formational units arranged 
based on increasing relative age. All four 
parameters show an increasing area and 
decreasing circularity with increasing relative 
age of bedrock.
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Formational units and relative age
Sinkholes in Cebu City plot only on limestone-bearing/
karst formations (Figure 6A). In terms of frequency, a 
general decreasing trend with increasing relative age can 
be observed, with most sinkholes occurring within the 
Quaternary Alluvium (133 of 319 ground-validated sink-
holes) (Figure 6B). It can also be observed that because 
more than 1/3 of sinkholes occur within the most recent 
sediments, percent sinkhole (Figure 6C) and sinkhole 
density (Figure 6D) is also highest in the Quaternary Al-
luvium. If these anomalously high values are separated, 
however, it can be noted that there is a general increas-
ing trend in terms of both percent sinkhole and sinkhole 
density with increasing relative age of formational unit.
Discussion
Results show that sinkhole morphometry and distribu-
tion are affected by the following geological and geo-
morphological factors: relative age of bedrock, slope, 
elevation, and presence of streams and lineaments. The 
relative age of limestone-bearing bedrock is correlated 
to affect the shape of the sinkhole as well as its frequen-
cy. Generally, the shape of the sinkholes deviates in an 
increasing manner from that of a perfect circle with in-
creasing relative age of the underlying karst formation 
(Figure 3). Frequency is also correlated to decrease with 
increasing relative age, but percent sinkhole and sink-
hole density tends to increase given the same trend (Fig-
ure 6B-D). A possible explanation for these trends is the 
Figure 4. (A) Simple geomorphological map of Cebu City showing streams, lineaments, and 
sinkholes. Most sinkholes occur near streams (B) and lineaments (C). This influence can also be 
seen by their similar trends: west for streams and northeast for lineaments (D).
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coalescence of sinkholes. As the bedrock becomes more 
karstified with time, the sinkholes tend to grow larger 
(Figure 3A) and eventually coalesces. This coalescence 
increases the sinkhole’s elliptical shape (Figure 3B-D) 
and area. Because of this, sinkhole count becomes much 
less, since two coalesced sinkholes will then be counted 
as one (Figure 6B), but there will also be an accompany-
ing increase in sinkhole area relative to the total area of 
the karst bedrock (Figure 6C-D). The concentration of 
more circular sinkholes in the more recent deposits can 
Figure 5. Slope (A) and elevation (B) maps of Cebu City showing sinkhole centroids. A 
decreasing trend in frequency with increasing slope steepness can clearly be observed (C). No 
general trend is established when it comes to elevation, but it can be noted that most sinkholes 
are found below 50 masl.
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also be due to their smaller area and diameter, which al-
lows their values to approach near circular dimensions.
The shape, orientation, and frequency of sinkholes were 
also observed to vary depending on the nearest linear 
feature (Figure 4). Most sinkholes occur near streams 
(Figure 4B). This is because most dissolution occurs 
near areas with water, such as streams (Ford and Wil-
liams, 2007). The direction of elongation of sinkholes 
depends on the orientation of the nearest stream or linea-
ment. This explains the two dominant trends in the strike 
of sinkhole orientation: west, which follows majority of 
the orientation of streams, and northeast, which is the 
general trend of the lineaments and Cebu Island itself.
The terrain also influences sinkhole occurrence, and this 
was observed by comparing the frequency with changes 
in slope and elevation across the study area. Most sink-
holes occur on flat to gentle slopes and low elevation 
(Figure 5). This can be explained by water ponding, 
wherein the water becomes more concentrated and re-
sides in a particular area due to a generally flat slope, al-
lowing longer and more concentrated dissolution of the 
underlying bedrock. The concentration of sinkholes in 
lower elevations can also be explained by slope, since 
the areas near the coast tend to be flatter than towards 
the west of Cebu City, where the highlands can already 
be seen.
Conclusion
This study related the morphometry and frequency of 
sinkholes with the geological and geomorphological fac-
tors present in Cebu City using GIS-based morphomet-
Figure 6.  Map showing the distribution of karst formations in Cebu City (modified from MGB, 
1983). A general decreasing trend in frequency with increasing relative age of limestone-bearing 
bedrock can clearly be observed (B). Since most of the sinkholes occur on Quaternary Alluvium, 
the percent sinkhole and sinkhole density that is yielded is anomalously high (D). Separating the 
values from this deposit leaves a trend of increasing percent sinkhole and sinkhole density with 
increasing relative age of formation.
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